A role for auditory feedback in maintaining fluency appears less specific than for pitch control, as one example, but delayed auditory feedback (DAF) clearly provides a potent manipulation of fluency. As most speakers are susceptible to DAF, we predicted DAF is particularly suited to identifying individual differences in auditory-motor integration. We conducted a series of studies to probe susceptibility to DAF-induced disfluency in 60 normally fluent speakers during conversation and oral reading. We further contrasted DAF effects on fluency with dual-task effects on fluency. During conversation and reading under DAF (250 ms delay), multivariate cluster classification indicated speakers show high, low or intermediate susceptibility to disfluency. In contrast, dual-task effects on fluency appeared bimodal with individuals showing high or low susceptibility. DAF susceptibility was not related to dual-task disfluency in 41/60 speakers, but the remaining speakers were disfluent under DAF & dual-task conditions. When the DAF paradigm was extended to adults who stutter, most were classified as highly susceptible. The findings provide compelling evidence that individual differences need to be considered in auditory-motor integration research. Fluency is influenced by both auditory feedback and cognitive factors related to attention, which can inform theories of normal and disordered speech.
INTRODUCTION
The role of auditory feedback in the motor control of speech has been fundamentally redefined in the past 15 years. Prominent theoretical and modeling are proceeding on the premise that auditory targets are the goal of speech production (Guenther et al., 2006) . Brain organization for speech motor control may therefore be dominantly oriented to producing audible output while remaining sensitive to ongoing changes in auditory feedback. This auditory-motor perspective can guide predictions of speech motor production as sensory feedback varies allowing for new insights into speech motor control. Individual variation in auditory-motor function needs to be studied together with the mechanism itself in order to understand how variation influences speech output and how altered auditory-motor function is expressed in speech disorders.
Influential auditory-motor studies have demonstrated specific roles for auditory feedback in pitch control, loudness control and formant frequency corrections (Larson et al., 2007; Purcell et al., 2006) . A role for auditorymotor mechanisms in maintaining speech fluency appears less specific than found for the pitch and formant control, but the potent effects of delayed auditory feedback (DAF) on fluency provide evidence that auditory-motor function should be considered in fluency (Fairbanks & Guttman, 1958; Stuart et al., 2002) . We recently reported that 250 ms DAF elicited wide individual differences in susceptibility to DAF disfluencies in a large sample of 60 typical speakers ; see also Chon, 2010) . However, it is still not known how DAF interacts specifically with auditory-motor function production because it affects speech in a broad manner through disfluencies and rate changes. In this article, we attempted to partially account for how DAF influences individual variation in fluency by contrasting DAF with dual-task effects on fluency. Dual-task paradigms impinge on attention and are less likely to alter sensorimotor function but still alter speech production variables and could influence fluency (Dromey & Shim, 2008) . We then extended the same DAF paradigm to stuttering to determine whether individual variation in DAF susceptibility could provide a context for interpreting DAF effects on persons with a communication disorder. The predictions are: a) DAF induced disfluency during oral reading in typical adult speakers will show similar individual variation as reported for spontaneous speech by Chon et al., 2012; b) Dual-task effects on fluency during oral reading will be of reduced magnitude compared to DAF, but statistical evidence in the form of clusters will indicate relevant individual variation in fluency; c) DAF induced disfluency will be statistically distinguishable from dual-task induced disfluency among individual speakers; d) DAF induced disfluency in adults who stutter will resemble the pattern of the low responder group under DAF .
METHODS
Sixty typical speakers (32 female) between 18-30 years were recruited. All speakers reported a negative history for neurological and communication disorders. Sixteen AWS within a similar age range were also recruited. The AWS reported a negative history for disorders other than stuttering. All participants were right-handed, native English speakers and had normal hearing based on pure-tone screening. The experimental methods were approved by the Institutional Review Board at the University of Illinois. Each participant completed the following tasks within a single session.
Delayed Auditory Feedback
The methods follow Chon et al., 2012 exactly except participants read phonetically balanced passages instead of spontaneous speech. The participant was seated in a sound treated booth and was fitted with a Shure W185 lavalier microphone and Sennheiser HD280 headphones. In the normal auditory feedback (NAF) and DAF conditions, the participant read a phonetically balanced passage (~300 words) while hearing his/her own voice played back through the headphones at 95 dBa SPL. Different passages were read during each experimental conditions and never repeated. The microphone signal was amplified and recorded at 48,000 samples per second using a Panasonic DVD writer. Synchronous video recordings of all participants were also obtained and stored together with the audio recording on the DVD. In the DAF condition, the participant's speech was delayed by 250 ms using DAF/FAF Assistant software program (version 1.1, http://www.artefactsoft.com/) during reading of the entire passage. The order of DAF/NAF conditions was randomized.
Dual-task
Chon et al.
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Page 2 This condition was similar to the DAF and NAF conditions in all aspects except the participant was required to press a button whenever he/she produced an /s/ sound. The participant held a button response switch in the right hand and depressed the button whenever the /s/ sound was spoken. The button press triggered a TTL pulse that was recorded on Windaq software (Akron, OH) along with the acoustic signal. A different phonetically balanced passage was always used in this condition (~300 words). The dual-task recording always followed the DAF and NAF recordings.
Variables
The number of stuttering-like disfluencies (SLD/100 words), articulation rate (AR: syllables/sec) and speech errors (SE/100 words) were coded according to Chon et al. (2012) by two of the investigators and trained graduate students. Briefly, two raters coded SLD as the number of syllable repetitions, monosyllabic word repetitions, disrhythmic phonations and part-word echo per reading in the NAF, DAF and dual-task recordings. Articulation rate was determined as the number of perceptually fluent syllables per second following Chon et al., 2012 . Substitutions, ommissions and distortions were marked and counted as the number of speech errors (SE) per 100 syllables. Inter and intra-rater reliability exceeded 0.9 for each condition.
In a separate analysis, a trained research assistant counted the number of TTL pulses produced by each participant during the dual-task condition. A TTL pulse was counted as a 'Hit' if it occurred within two syllables before or after a spoken syllable with the /s/ sound. The number of 'Misses' was the difference between the number of 'Hits' and the total number of TTL pulses recorded. A second trained research student re-counted the number of 'Hits' and 'Misses' in 10% of the participants, while the first research assistant re-counted the same variables in 10% of the participants two weeks after completing the first rating. Intra and inter-rater reliability both exceeded 0.9 for these measures.
RESULTS & DISCUSSION

DAF Study
The DAF elicited significantly higher rates of stuttering-like disfluencies and speech errors along with significantly slower articulation rates relative to NAF during oral reading, as expected . There was however marked variation in these variables between individuals under DAF. Following Chon et al. 2012 , a multivariate classification technique was applied to test if meaningful subgroups could be identified based on variation across the three variables -Specifically, PAM -Partitioning around Mediods method for Cluster Analysis (Theodoridis and Koutroubas, 2006) . A GAP statistic was determined first to guide the choice of cluster number (Tibshirani et al, 2001) . The cluster number with the greatest gap score relative to the preceding cluster indicates the best number of clusters to use for the cluster analysis. The GAP statistic results indicated two groups provided the largest separation between clusters. Figure 1 shows that variation in DAF susceptibility and speech errors characterized by the two subgroup clusters based on the PAM results, which we labeled high and low responders. FIGURE 1: Scatterplot representing the two subgroups as identified by separation along the first two principal components in the DAF condition. The first two principal components account for 64% of the variance.
The high responders had significantly higher rates of SLD and SE along with significantly lower AR compared to the low responders based on paired t-tests (Figure 2) =-5.6, p<0.05 . This pattern of differences between subgroups supports our prediction that meaningful individual variation in disfluency is elicited by DAF. The pattern of DAF induced disfluency closely follows our 2012 report of individual variation in disfluency under 250 ms DAF in the same speakers during spontaneous speech . Comparisons between the two groups based on performance in the NAF condition did not detect differences between the subgroups.
FIGURE 2:
The rate of stuttering-like disfluencies (SLD), speech errors, and articulation rate for the high and low responder groups in the DAF condition.
Dual-task Study
In the dual-task condition, articulation rate decreased significantly relative to NAF across all participants (F(2,59)=29.7, p<0.05). SLD or SE did not statistically change in the dual-task condition. Slower AR still indicates however that fluency was compromised when attention was divided across the two tasks. The frequency and accuracy of /s/ identification did not differ statistically between the dual-task and single task NAF conditions showing that only AR was primarily affected under dual-task. AR remained significantly faster in the single-task NAF and the dual-task NAF tasks compared to the DAF condition. The GAP statistic again indicated that 2 groups provided the greatest separation between clusters. The PAM method for Cluster analysis using SLD, SE and AR showed was employed to characterize high and low responder subgroups (Figure 3 ). The high responder group was characterized by a larger decrement in AR in the dual-task condition compared to the NAF condition.
FIGURE 3:
Scatterplot showing the two subgroups as identified by separation along the first two principal components in the dual-task condition. The first two principal components account for 54% of the variance.
A critical finding is that classification as a high responder under DAF was not linked with being classified as a higher responder in the dual-task condition. The proportions of subgroup classification were not significantly associated between oral reading and dual-task conditions as indicated by a non-significant chi-square result (Chisquare = 0.0183, df = 1, p-value = 0.8925).The results suggests that dividing attention and DAF both compromise fluency to varying degrees but this susceptibility is not shared for most participants. DAF effects on fluency therefore appear to diverge from attention related effects and more appropriately could be attributed to an auditorymotor perturbation.
In terms of individual effects though, there were still 15/60 speakers whose fluency was significantly compromised in both conditions. This is a sizeable minority whose fluency could show particular sensitivity to both division of attention and auditory-motor influences. Both factors should therefore be considered as important in understanding susceptibility to disfluency and for theoretical considerations of how fluency is achieved.
Developmental Stuttering
The AWS were tested in the same experimental conditions. For oral reading under DAF, the SLD (F (2, 28) = 17.76, p < .001) and SE (F (2, 28) = 12.95, p < .001) rates of the AWS increased significantly relative to NAF, while AR, in turn, decreased significantly (F (2, 28) = 7.26, p = .003) under DAF (Figure 4) . In contrast to our initial prediction, the overall SLD rate under DAF and even the difference in SLD between the NAF and DAF conditions was most similar to the high responder group from the typical speakers (see Figure 2 for comparison). AWS appear to show particular susceptibility to the current auditory-motor perturbation, which is consistent with recent evidence that altered auditory-motor function needs to be considered in explanations of stuttering (Cai et al., 2012; . Individual variation in susceptibility among the AWS was apparent, which is particularly relevant in the context of this paper, but the sample of AWS was too small for multivariate analyses, such as the clustering methods. Analyses of dual-task responses in the AWS are in process.
FIGURE 4:
A comparison of the rates of SLD, SE and AR of the AWS for oral reading in the NAF and DAF conditions.
CONCLUSION
In this report, we document broad individual variation in susceptibility to DAF induced disfluency in a large sample of typical adult speakers. Based on multivariate classification, the variation in susceptibility points to subgroups with high and low susceptibility (and potentially intermediate responders as well, as per Chon et al., 2012) . Finding subgroups with marked differences in disfluency susceptibility among 'typical' speakers warrants further investigation of the neurobiology underlying fluency. Persons with high susceptibility may be more dependent on intact sensory processing to maintain fluency. Individual differences in auditory-motor function are recognized as important and are receiving more attention by investigators (MacDonald et al., 2011) .
When the same tasks were used with AWS, they showed high susceptibility to DAF induced disfluency that resembled the high responders among typical speakers. Increased susceptibility in AWS to this perturbation is consistent with evidence that auditory-motor function is a factor in the pathology of stuttering (Cai et al., 2012; Loucks et al., 2012) . On the other hand, high variation among typical speakers in susceptibility to sensorimotor manipulations could be a factor that complicates comparisons of sensorimotor function between AWS and typical speakers. Larger sample sizes seem necessary not only for statistical power but also to understand the variation of mechanisms relevant to fluency.
Susceptibility to DAF-induced disfluency was not closely associated with dual-task effects on fluency except in a minority of the speakers. We argue that the DAF induced disfluency is more consistent with an auditoryto-motor perturbation rather than attention-related mechanisms probed with the dual-task manipulation. This finding supports separation of attention-related influences on fluency from that of auditory-motor influences in theories and models accounting for fluency in typical speech and speech disorders. who collaborated on data collection and directed the fluency analyses. The fourth author who conducted the cluster analyses is a PhD student in the department of Statistics at the University of Illinois. 
